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Abstract: The unexpected emergence of oseltamivir-resistant A(HIN1) viruses in 2008 was facili-
tated in part by the establishment of permissive secondary neuraminidase (NA) substitutions that
compensated for the fitness loss due to the NA-H275Y resistance substitution. These viruses were
replaced in 2009 by oseltamivir-susceptible A(HIN1)pdmO09 influenza viruses. Genetic analysis and
screening of A(H1N1)pdm09 viruses circulating in Germany between 2009 and 2024 were conducted
to identify any potentially synergistic or resistance-associated NA substitutions. Selected viruses
were then subjected to further characterization in vitro. In the NA gene of circulating A(HIN1)pdm09
viruses, two secondary substitutions, NA-V241I and NA-N369K, were identified. These substitutions
demonstrated a stable lineage in phylogenetic analysis since the 2010-2011 influenza season. The
data indicate a slight increase in viral NA bearing two additional potentially synergistic substitu-
tions, NA-1223V and NA-5247N, in the 2023-2024 season, which both result in a slight reduction in
susceptibility to NA inhibitors. The accumulation of secondary synergistic substitutions in the NA
of A(HIN1)pdm09 viruses increases the probability of the emergence of antiviral-resistant viruses.
Therefore, it is crucial to closely monitor the evolution of circulating influenza viruses and to develop
additional antiviral drugs against different target proteins.
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1. Introduction

Influenza remains one of the most important infectious diseases in the world, causing
seasonal epidemics with an estimated 3 to 5 million severe cases and 300,000 to 500,000 deaths
worldwide each year [1]. In Germany, influenza A and B viruses typically affect 5-10% of
adults and 20-30% of children, causing millions of acute respiratory infections.

At the time of the 2019 coronavirus (COVID-19) pandemic, influenza viruses were al-
most not circulating globally [2,3]. Circulation of influenza viruses returned very early in the
calendar year, in comparison to pre-pandemic influenza seasons, after non-pharmaceutical
interventions (NPIs) such as masks and improved hand hygiene were eased. In Germany,
the 2022-2023 influenza season peaked in December 2022 and was dominated by A(H3N2)
viruses, while the 2023-2024 season, dominated by A(HIN)pdm09 viruses, peaked a few
weeks earlier in comparison to pre-pandemic seasons (in preparation).

Although NPIs can be effective in preventing influenza infection, particularly in clinical
or household settings, vaccination is considered the most effective method of prevention [4].
Clinical efficacy is influenced by the circulating viruses, the vaccination regimen, the
adjuvant used, the duration of immunity induced by the particular vaccine virus, and the
immune status of the vaccinee, which is determined by age, previous antigenic exposure
to influenza viruses, immunologic reactivity, and the timing of vaccination. Antiviral
prophylaxis and treatment are additional options in situations where vaccination is not
feasible, such as in vulnerable patient populations with reduced vaccine efficacy or the
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emergence of a new virus subtype [5,6]. Their use should be considered in patients at
high risk for severe complications of influenza and in critically ill hospitalized patients,
according to most international and national public health organizations and medical and
scientific societies [7].

The two neuraminidase inhibitors oseltamivir and zanamivir and the polymerase
inhibitor baloxavir marboxil are currently recommended in Europe for the prevention and
treatment of influenza. The adamantanes rimantadine and amantadine should no longer be
used for the prophylaxis and treatment of seasonal influenza infections due to the natural
polymorphism in the M2 ion channel, which confers resistance of influenza viruses [7].

Since baloxavir is only available through international pharmacies in Germany, and
since zanamivir must be administered either by inhalation or intravenously, and adaman-
tane is not effective against influenza B and circulating seasonal influenza A viruses are
resistant to it, the orally available oseltamivir remains the drug of choice 25 years after its
first approval by the European Medicines Agency (EMA) [7,8].

Resistance to neuraminidase inhibitors has occurred only sporadically since their
approval, and mainly in clinical trials in immunocompromised patients. Reduced sus-
ceptibility to oseltamivir, caused by the exchange of histidine for tyrosine at position 275
(H275Y) of the neuraminidase of seasonal A(H1N1) viruses, has been particularly common.
In the absence of drugs, the mutations that confer antiviral resistance may have a detri-
mental effect on viral fitness, so secondary fitness-restoring mutations must occur to allow
resistance to spread on a large scale [9]. Until November 2007, the prevalence of resistant
A(HINT1) viruses in untreated adults was <1%. The increased circulation of oseltamivir-
resistant A(HIN1) viruses in treatment-naive patients in the northern hemisphere observed
in winter 2007-2008 was unexpected. These viruses remained susceptible to zanamivir.
The prevalence of oseltamivir-resistant viruses increased sharply during the season, with
an average of one in four A(H1N1) viruses resistant to oseltamivir due to NA-H257Y
substitution, circulating in Europe during the 2007-2008 season. In the following seasons,
2008 in the southern hemisphere and 20082009 in the northern hemisphere, virtually all
A(HINI) viruses analyzed showed an unchanged resistance profile and remained stable in
their properties, with a global frequency of oseltamivir-resistant A(H1N1) viruses of 95%
circulating between October 2008 and January 2009 [10].

Phylogenetic analysis revealed two amino acid substitutions in the neuraminidase
protein that appeared to anticipate NA-H275Y—NA-V234M and NA-R222Q—and two
tandem polymorphisms, D344N and D354G, which were together defined as Clade 2B*
and was widespread by the end of 2007 [11,12]. Several fitness experiments confirmed
that these NA substitutions restore the fitness of H275Y-bearing viruses compared to that
observed in wild-type viruses [12]. NA-H275Y decreases the amount of neuraminidase
that reaches the cell surface, which is of disadvantage for viral replication; the permissive
secondary antiviral mutations can counteract this process and restore full viral replication.

These mutations were defined as permissive secondary antiviral mutations that do not
confer resistance but support fitness of influenza viruses bearing the antiviral mutation NA-
H275Y. These substitutions occurred in the influenza viruses just prior to the widespread
emergence of oseltamivir-resistant A(HIN1) viruses carrying NA-H275Y. Although the
permissive secondary substitutions NA-V234M and NA-R222Q) are located distantly from
NA-H275Y, they are prerequisites for the emergence of fit and resistant H275Y viruses be-
cause they maintain adequate surface NA expression which otherwise would be disrupted
by NA-H275Y [9,12].

With the beginning of the influenza pandemic in June 2009, seasonal A(H1N1) viruses
were replaced by viruses of the A(HIN1)pdm09 subtype. Due to reassortment events,
these A(HIN1)pdm09 viruses carry a neuraminidase from swine influenza A viruses that
is characterized by susceptibility to neuraminidase inhibitors [13-16]. Since then, the fre-
quency of circulating resistant A(HIN1)pdm09 remains low (<1%) [17], but computational
and community outbreak analyses have provided evidence for potential permissive sec-
ondary NA substitutions that alter the viral fitness of oseltamivir-resistant A(H1N1)pdm09
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virus strains [5]. In this context, a compensatory role by conferring a robust fitness on
viruses bearing substitutions NA-V241I and NA-N369K, which correlated with enhanced
surface expression and enzymatic activity of the A(HIN1)pdm09 NA protein, has been
demonstrated [18-20].

In addition, the NA-1223V /R and NA-5247N substitutions have been shown to poten-
tially increase the resistance of A(H1IN1)pdmO09 viruses bearing NA-H275Y substitution to
neuraminidase inhibitors in reverse genetics and in vitro analyses [5,21].

The aim of our study was to monitor the evolution of these four secondary substi-
tutions, to assess their impact on enzymatic properties like substrate affinity and in vitro
susceptibility to the antiviral drugs oseltamivir and zanamivir of A(HIN1)pdm09 viruses’
NA in the context of the continuous monitoring of circulation of influenza viruses circulat-
ing in Germany.

2. Materials and Methods
2.1. Clinical Specimens and Influenza Virus Typing and Subtyping

Medical practices participating in the national sentinel surveillance system collected
clinical specimens from outpatients presenting with acute respiratory or influenza-like
illness (nasal, throat, or pharyngeal swabs) and sent them in viral transport media to the
German National Influenza Centre (NIC) at the Robert Koch Institute. The Ethics Com-
mittee of the Charité University Hospital in Berlin (reference EA2/126/11) gave written
permission for the German national surveillance of influenza and other respiratory viruses.
Influenza sentinel surveillance is regulated by German legislation (§13, §14, Infektionss-
chutzgesetz). All analyses were conducted pseudonymized. All sentinel patients gave
written informed consent.

The swabs collected between seasons 2009/2010 and 2023 /2024 were washed in cell
culture medium (MEM/HEPES, Minimum Essential Media with Hepes and 1% peni-
cillin/streptomycin) and viral RNA was extracted. Complementary DNA was synthesized
by random reverse transcription (Invitrogen, Carlsbad, CA, USA). For in-house multiplex
typing and subtyping of influenza viruses, primers and probes targeting the M, HA, and
NA genes were used, as previously described [4,22].

2.2. Viral Propagation

Influenza viruses were propagated in cell culture using MDCK-SIAT 1 cells (European
Collection of Cell Cultures (ECACC, Salisbury, UK), Lot: 05G023) by inoculating cell
monolayers with sterile-filtered swab suspension as described recently [5,23].

2.3. Neuraminidase Inhibition Test

Oseltamivir carboxylate and zanamivir were kindly provided free of charge by
Hoffmann-La Roche Ltd. (Basel, Switzerland) and by GSK plc. (London, UK), respec-
tively. Stock solutions (100 uM in sterile ultrapure double-distilled water) were stored
at —20 °C and, for susceptibility testing, diluted in MES buffer [32.5 mM morpholine
ethanesulfonic acid (Sigma-Aldrich), pH 6.5, and 4 mM CaCl;]. The neuraminidase in-
hibition test was measured using 2’-(4-methylumbelliferyl)-«-d-N-acetylneuraminic acid
(Munana; Biosynth AG, Staad SG, Switzerland and Sigma-Aldrich, St. Louis, MO, USA)
as substrate, as described previously [24]. The emitted fluorescence values of the released
4-methylumbelliferone were measured in a spectrofluorometer (Tecan AG, Médnnedorf,
Switzerland). The 50% inhibitory concentration (ICsy) was calculated as the mean of the
50% inhibitory concentration + standard deviation (IC5y £ SD) of duplicate to quadru-
plicate assays from the dose-response curve using MS Excel software (MS Office 2010)
and compared to the reference ICsy values [14]. Neuraminidase susceptibility was judged
following WHO recommendations, to the effect that, for influenza A viruses, reduced
and highly reduced susceptibility to NAIs is marked by a >10- to 100-fold and >100-fold
increase in the NAI ICsy compared to the NAI ICs of the sensitive control (a wild-type
virus of the same type or subtype) [25].
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2.4. Enzyme Kinetic

Neuraminidase activity was determined by using MUNANA fluorogenic substrate as
described above. The final concentration of the substrate ranged from 0.72 uM to 509 uM.
Michaelis—-Menten constants (Km) were calculated by using the Lineweaver—Burk diagrams
generated with Excel software (Microsoft (MS Office 2010)) [24].

2.5. Genome Sequencing and Resistance Analysis

Influenza virus RNA was extracted, and the viral genome was amplified by specific
PCR. PCR products of amplified NA segments were sequenced by automated nucleotide
cycle sequencing (primer sequence on request) using the BigDye®Terminator v3.1Cycle Se-
quencing Kit (Applied Biosystems, Darmstadt, Germany) and a capillary sequencer 3130x1
(Applied Biosystems), or underwent whole/next-generation sequencing as described pre-
viously [5,26,27].

The GISAID accession numbers of sequences analyzed are listed in Supplementary
Table S1, which is part of the supplementary data provided with this manuscript. NGS data
were analyzed for molecular resistance markers in neuraminidase by FluSurver enabled
by data from GISAID (https://flusurver.bii.a-star.edu.sg/ (accessed on 1 June 2024)) and
additionally according WHO for amino acid substitutions at positions 110, 117, 119, 136,
152,199, 223, 247, 275, 293, 295, 427, 436, and 458 (N1-numbering) [28].

2.6. Phylogenetic Analysis

Phylogenetic evaluation was completed using Molecular Evolutionary Genetics Anal-
ysis (Mega) version 7, including a neighbour-joining method, phylogeny test by a bootstrap
method across 1000 replications, Kimura 2 substitution model, and partial deletion (site
coverage cutoff 5%) [26].

3. Results
3.1. Secondary Substitutions of (HIN1)pdmO09virus Neuraminidase NA-V2411 and NA-N369K

Sequencing and phylogenetic analyses of 1478 NA genes from A(HIN1)pdm09 viruses
collected in Germany between April 2009 and March 2024 indicate that the substitutions
NA-V241I and NA-369K first emerged during the 2010-2011 influenza season. Since then,
viral NAs have been characterized by the V2411 and N369K substitutions and form a cluster
within the phylogenetic tree (Figure 1, Table 1).

Comprehensive NA inhibitor susceptibility analyses of 1067 A(HIN1)pdm09 virus
isolates collected between April 2009 and March 2024 in Germany using a fluorescence-
based NA inhibition assay showed no correlation between the emergence of these NA
mutations and NA inhibitor susceptibility (Table 1). The mean 50% inhibitory concentration
expresses the susceptibility of viruses to the neuraminidase inhibitors oseltamivir and
zanamivir and varies from season to season due to technical conditions. There was no
significant difference between the seasonal thresholds, nor was there a trend towards
increased circulation of antiviral-resistant viruses and thus, indirectly, increased occurrence
of NA mutations associated with resistance or reduced susceptibility to the NA inhibitors
oseltamivir or zanamivir.

The German NIC complies with WHO recommendations and at least 20% of the
influenza viruses detected in each season are tested for resistance. The number of viruses
tested therefore reflects the circulation of A(HIN1)pdm09 viruses in each season. With
a few exceptions, mainly due to previous treatment with oseltamivir, almost all viruses
were susceptible to the NA inhibitors oseltamivir and zanamivir, giving a prevalence of
oseltamivir-resistant viruses <1% (Table 1).The detected resistance to oseltamivir was due
to the NA-H275Y substitution, which is known to cause strong resistance to oseltamivir;
the viruses remain susceptible to zanamivir as shown using a reference virus in Table 2.


https://flusurver.bii.a-star.edu.sg/

Viruses 2024, 16, 1109

50f11

M3141 AlHessen/73/2024 N88D
A/Nordrhein-Westfalen/62/2024
A/Baden-Wuerttemberg/75/2024

= | A/Baden-Wuerttemberg/75/2024*
A/Nordrhein-Westfalen/21/2024 C53
A/Berlin/19/2023

A/Niedersachsen/39/2024*
A/Niedersachsen/39/2024

A/Bayern/7/2023

S247N

1223V, S366N

N A/Mecklenburg-Vorpommern/4/2023 R257K, Y274F
P458S L A/Niedersachsen/22/2023* | C533
S200N ANiedersachsen/22/2023

N50D, G382E

A/Schleswig-Holstein/32/2024 T55| I
K469N C.5.3

L— A/Brandenburg/26/2024 A75D
A/Rheinland-Pfalz/16/2024 1223V, v264T, Q308R | C.5.3.1
ANVictoria/4897/2022 (22/316)|E/E1|EPI ISL 17072386 | C.51.1
» U ANVictoria/4897/2022|S2|EPI ISL 17102775 e

A/Berlin/139/2022

AMisconsin/67/2022|S1|EPI ISL 15928563 | c52

A/Nordrhein-Westfalen/67/2024 V241L
A/Saarland/3/2023*
A/Saarland/3/2023 c4
" | A/Saarland/3/2023
AThueringen/46/2022 S95N, N189S, D449N | C.2
A/Sydney/5/2021|E3/E2|EPI ISL 12109635
n 1 A/Sydney/5/2021|MDCK2|EP! ISL 8767089 |

A/Bayern/4/2023 V8OM, M3141, K469N | B 3.1.1
A/Bremen/3/2022 B.3.1.2
» = A/Niedersachsen/12/2022 G454S £35S
A/Misconsin/588/2019|C1|EPIISL 404460 1| B.3
A/Saarland/8/2019 G18E, 130V, S247N I B.1
A/Sachsen-Anhalt/1/2019 Q5K :
A/Hawaii/70/2019|C1|EPI ISL 400916
A/Guangdong-Maonan/SWL1536/2019|E4|EPI ISL 392654 | B.2
A/Nordrhein-Westfalen/1/2020
A/Berlin/6/2020 | B.2.1
T7oN == —A/Bayern/19/2020 e
A/Hessen/1/2018 V62I, T72I
A/Rheinland-Pfalz/4/2018 Q313R
IVR-190(A/Brishane/02/2018)|E3/E8 E1|EPI ISL 355885 V13T
A/Baden-Wuerttemberg/256/2017 S82P
A/Niedersachsen/31/2017 D416G

113V, 8339L

129M, V8OM, 1223V, V264T, 1396M
V453M

T16A
L40T, S366N
M19T, Y66F, N222K

Q51K F74S, 1389K, T452I

S52N
D416N
GT77R, 1188T, N449D

V81A

V131, V2641, N270K, 1314M A11

A/Rheinland-Pfalz/38/2017
A/Bayern/24/2016 1223R
A/Nordrhein-Westfalen/26/2017
A/Michigan/45/2015|E3|EPI ISL 205499
A/Bayern/149/2015
L— A/Hamburg/26/2015 N50K, V81l
A/Berlin/11/2014 Q308H
A/Berlin/54/2014
A/Hamburg/23/2015 123M, S286N, 1365T
A/Rheinland-Pfalz/14/2014 M191, Q51R, V81A, 1188T, Y274H
A/Bayern/12/2014 S82P, N397K
A/Baden-Wuerttemberg/80/2013 L40H
A/Bayern/93/2012 Q45N, S52N, 1389T
ABerlin/136/2012 A1
K A/Bayern/28/2012 G41R, N44S, G354D
[A/Berlin/13/2010
A/Baden-Wuerttemberg/28/2012* L1911

AThueringen/42/2012 V13l, S182T, V3571, V453M
‘I—?IBayern/H/ZOm 130N, V453A

L401, N386K

1M17M
134V, 1321V, K432E

N44S, 1106V, N200S

V2411, N369K \

V81A

— A/Baden-Wuerttemberg/12/2011 23T, S82F
A/Sachsen/10/2011* S442G
A/Brandenburg/37/2009
N386S ﬂl:-A/Sachsen-Anhalm 25/2009* H275Y
A/Niedersachsen/13/2010 E259D, Q313R, V394l
V1061, A/Bayern/39/2011 M15I, S82P, P93S, N189S, S339P, N386K, S450G
N248D A/Baden-Wuerttemberg/13/2010
F(—A/Bayern/4/201 1
A/Nordrhein-Westfalen/99/2009
A/Rheinland-Pfalz/86/2009 A86V, H275Y, I314M, N341Y
.,‘liA/Brandenburgl42/2009
A/Sachsen-Anhalt/122/2009*
‘= A/California/07/2009|E2|EPI ISL 31158

—

Figure 1. Phylogenetic analysis of A(HIN1)pdm09 neuraminidase genes from viruses circulating

between 2009 and 2024 in Germany. Phylogenetic analysis was performed by using cDNA sequences
from selected A(HIN1)pdm09 neuraminidase genes (nt 91-nt 1341). In order to enhance the clarity
of the analysis, wild-type viruses were selected in conjunction with the vaccine viruses from the

respective season coloured in green, as well as those viruses that exhibited mutations at the following
positions: 223, 241, 247, or 369. The amino acid substitution characterizing the respective NA-
clade, that was calculated with https:/ /clades.nextstrain.org/ (accessed on 1 June 2024), are indicated.

Phylogenetic evaluation was completed using the software Mega version 7, neighbour-joining method,
phylogeny test by bootstrap method across 1000 replications, Kimura 2 substitution model, and partial
deletion (site coverage cutoff 5%). Reference strains from vaccine viruses were indicated in green,

cell-cultured virus isolates are marked with an asterisk.
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Table 1. Prevalence of secondary substitutions and susceptibility to NA inhibitors of circulating
viruses calculated as the mean of 50% inhibitory concentration (IC50) between April 2009 and
April 2024.

Influenza Season

Prevalence of Substitutions % (Detected/Tested) X 1C50 + SD (nM)

NA-2411 NA-369K NA-223V NA-247N N1 Oseltamivir Zanamivir N2

( April—é(()e(l:))gtember) 0 0 0 0 64 1.66 £ 0.52 0.39 +0.20 65
2009-2010 0 0 0 0 94 1.41 +0.63 0.38 + 0.17 142
2010-2011 66 (43/65) 62 (40/65) 0 1.5(1/65) 65 1.19 £ 0.61 0.52 £0.83 65
2011-2012 100 100 0 0 11 2.15+049 0.45 £+ 0.07 2
2012-2013 100 100 0 0 9 1.63 £ 0.46 0.25 £+ 0.09 31
2013-2014 100 100 0 0 17 1.85 £ 0.41 0.51 £0.33 15
2014-2015 100 100 0 0 25 0.94 £+ 0.37 0.50 £ 0.18 147
2015-2016 100 100 0'052;13;{212) 0 212 0.90 + 0.36 0.43 £+ 0.33 147
2016-2017 100 100 0 0 4 1.68 £ 0.35 0.77 £ 0.18 9
2017-2018 100 100 0 0 57 1.13 £0.40 0.62 4+ 0.24 147
2018-2019 100 100 0 0 103 0.97 £ 0.36 0.48 £ 0.30 144
2019-2020 100 100 0 0 162 1.02 £0.42 0.34 +0.14 145
2020-2021 no viruses detected
2021-2022 100 100 0 0 17 0.96 £ 0.35 0.30 £ 0.06 7
2022-2023 100 100 0 1.0 (1/86) 86 0.82 £ 0.33 0.26 £ 0.10 85
2023-2024 100 100 0.7 (4/552) 1.1 (6/552) 552 0.90 £ 0.26 0.24 £0.10 145

X = mean of seasonal treshold; SD = standard deviation; nM = nanoMolar; N! = number of sequences analized;
N2 = number of isolates tested.

Table 2. Enzymatic properties and antiviral susceptibility of A(HIN1)pdm09 NA.

II];(/JIYa::r Mutation Pattern Km [uM] (i::eslota[::/\{]lr égi‘;r[:xl
1254/2013 2411-275Y-369K 45 1043 0.5
2341/2010 V241-275Y-N369 40 500 1.80
0675/2011 2411-H275-369K 60 1.19 0.52
4324/2010 2411-H275-N369 45 0.35 0.2
0078/2011 V241-H275-N369 45 2.50 0.4

Km: Michaelis-Menten constant; pM: micromolar; ICsp: 50% inhibitory concentration; nM: nanomolar.

To analyze the enzymatic properties of the A(HIN1)pdm09 virus NA, enzymes with
different substitution patterns at positions 241, 275, and 369 were studied (Table 2). Deter-
mination of the Michaelis-Menten constant (Km) by NA enzyme kinetic assays shows a
marginal increase in Km and therefore a slightly reduced enzyme affinity for its substrate
in NA bearing NA-2411 and NA-369K compared to wild-type NA-V241 and NA-N369.
Together with the resistant substitution NA-H275Y, these two NA substitutions showed
no effect on enzyme affinity of oseltamivir-resistant NA, suggesting a similar fitness of
the virus strains with different mutation patterns (Table 2). On the other hand, the NA
with the substitutions NA-2411 and NA-369K together with NA-275Y had a 417-fold
decreased susceptibility to oseltamivir compared to the wild-type V241-H275-N369. How-
ever, the susceptibility to oseltamivir of the NA-V241-275Y-N369 virus is only 200-fold
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reduced, suggesting a synergistic effect of NA-2411 and NA-369K on NA-275Y-mediated
oseltamivir resistance.

3.2. Secondary Substitutions of (HIN1)pdm09virus Neuraminidase NA-1223V, NA-5247N

After the A(HIN1)pdm09 NA-V241I and NA-369K substitutions formed a stable
lineage in virus phylogeny, since 2010-2011, further substitutions of the A(HIN1)pdm09 NA
have occurred only sporadically. However, in the seasons immediately after the COVID-19
pandemic, between 2022 and 2024, an increase of NA-223 and N A-247 substitutions from 0%
in 2021-2022 to 1% in the 2023-2024 influenza season was observed using NGS-generated
genome sequences. No virus has been detected that carries both of these substitutions in NA
or that carries either of these substitutions in combination with the NA-275Y substitution.
A 3D-structure of the NA molecule applying the positions NA-223, NA-241, NA-247, NA-
275, and NA-369 is shown in supplementary Figure S1. All hemagglutinin (HA) genes of
viruses with an NA change at amino acid (aa) position aa-223 or aa-247 were analyzed
and compared with the corresponding wild-type reference sequences. No correlation was
found between NA and HA substitutions.

For further analysis, two NA-223V and four NA-247N A(H1IN1)pdm09 viruses were
grown in cell culture. The NA substitutions were confirmed in these cell-cultured viruses,
indicating that they do not adversely affect viral fitness and are stable across multiple
passages and virus generations.

Analysis of the enzymatic properties of NA-223V showed in comparison to NA-1223
an only marginally decreased susceptibility to NA inhibitors demonstrated by ICsp-analysis.
The activity analysis of oseltamivir and zanamivir by ICs determination showed a decrease
for NA-247N indicated by an up to five-fold increase of the inhibitor’s ICs in comparison
to that of wild-type NA-5247 (Table 3).

Table 3. Enzyme affinity and susceptibility to NA inhibitors of A(HIN1)pdm09-NA with and without
potentially synergistic mutations calculated as Km and ICsy determination.

Substitution Km [uM] OIsCesl(ia[;l:/\[r]lr Oselgl;nivir ;5151(211[1[1111\‘:[1]1‘ Zan?rl:ﬁvir
1223 78 0.9 (n = 145) NA 0.24 (n = 145) NA
223V 100 43 (n=2) 48 0.6(n=2) 2.1
5247 67 0.9 (n = 145) NA 0.24 (n = 145) NA
247N 59 43 (n=2) 4.8 0.75(n=2) 3.1

Km: Michaelis-Menten constant; pM: micromolar; ICsp: 50% inhibitory concentration; nM: nanomolar;
Rf = ICspmutant/ICsywildtype; NA: not applicable.

The enzymatic affinity of NA-223V to Munana substrate was characterized by a slight
decrease of substrate affinity shown by an 1.3-fold increase of Km compared with wild-type
NA-I223 (Table 3). The NA-5247N substitution does not affect the affinity of the enzyme;
the Km of NA-247N was comparable to that of the wild-type NA-5247 (Table 3).

4. Discussion

Neuraminidase inhibitors, primarily oral oseltamivir, remain the treatment of choice
for influenza, especially in people who cannot be vaccinated and who are at risk of severe
disease progression due to other medical conditions [7].

In 2009, the pandemic A(H1N1)pdm09 viruses replaced the previously oseltamivir-
resistant seasonal A(H1N1) viruses and have been circulating worldwide as seasonal viruses
ever since [29]. These 2009 pandemic A(HIN1) viruses remain largely oseltamivir-sensitive
due to a reassortment event [13]. The introduction of NA-H275Y in A /California/4 /2009
NA also resulted in a sharp decrease in total surface-expressed activity in these
A(HIN1)pdm09 viruses, as in the former seasonal A(H1N1) viruses [9]. However, the
evolutionary development of the A(HIN1)pdm09 viruses led to the establishment of the
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secondary NA substitutions NA-V241I and NA-N369K. In Germany, the prevalence of
viruses carrying these substitutions was about 60% in the 2010-2011 season. Since the
influenza season of 2011-2012, all A(HIN1)pdmO09 viruses analyzed showed the valine-
isoleucine substitution at NA-241 and the asparagine were substituted by lysine at the
NA-369 position.

Using reverse-engineered viruses, these two substitutions, NA-V2411 and NA-N369K,
were shown to confer robust fitness to A(H1IN1)pdm09 viruses carrying NA-H275Y by in-
creasing the surface expression and enzymatic activity of the enzyme [19]. Nevertheless, the
prevalence of resistant viruses in Germany and worldwide remained low (<1%) [17,30-32].
In contrast to previous seasonal viruses, these permissive secondary neuraminidase sub-
stitutions did not lead to the emergence and rapid spread of resistant viruses. A possible
reason for this could be the structure of pandemic N1pdm09 NA, which generally differs
from that of group N1 and group N2 neuraminidases. For example, the NA of HIN1pdm09
lacks the 150-cavity that is typical for group 1 NA, and additionally the salt bridge between
Asp-147 and His-150 that is typical for group 2 NA [33,34]. These structural features may
require several permissive mutations to occur in the NA in a series of gradual steps to
support the emergence of a resistant variant and establish it as a stable lineage.

Since the 2011-2012 influenza season, the prevalence of the NA-V241I and NA-369K
substitutions is 100% in circulating A(HIN1)pdm09 viruses. There is evidence of two
additional secondary substitutions, namely NA-1223V and NA-5247N. Our data show that
the NA substitution from isoleucine to valine at position 223 and the change of serine by as-
paragine at position 247 have only a marginal effect on the susceptibility of A(H1N1)pdm09
viruses to NA inhibitors. However, NAs bearing both substitutions demonstrated a more
than 10-fold reduction in susceptibility to oseltamivir and almost a four-fold reduction
in susceptibility to zanamivir compared to wild-type virus [35]. Enzymatic analysis has
proven that the NA-1223V substitution can offset the loss of affinity of NA for its substrate
resulting from the NA-H275Y resistance substitution, while simultaneously boosting re-
sistance [36]. Thermodynamic and structural analyses showed that the combination of
NA-H275Y with NA-1223V or NA-5247N leads to an extreme reduction in the inhibitory
potential of oseltamivir [21]. However, the influence of the NA-223V and NA-247N substi-
tutions on the surface expression of NA in the presence and absence of NA-275Y is not yet
known and should be analyzed in further studies on their effect on viral fitness.

Prior to the COVID-19 pandemic, A(HIN1)pdm09 NA-5247N viruses had only been
detected in Germany during the 2010-2011 season. It is interesting to note that in the first
few months of 2011, the prevalence of this virus variant in community samples was more
than 10% in Singapore and more than 30% in northern Australia [37]. Viruses bearing the
NA-I223V /R substitution were detected sporadically in community samples in 2009 in
Portugal, in the 2015-2016 influenza season in Iran and 2010 in a child after prolonged
oseltamivir treatment [38—40].

After a period of quiescence during the COVID-19 pandemic, the incidence of in-
fluenza has increased following the relaxation of non-pharmaceutical measures [4]. In
Germany, A(HIN1)pdm09 viruses circulated with very low prevalence in the 2021-2022 and
2022-2023 influenza seasons, while the 20232024 season was dominated by A(H1N1)pdm09
(in preparation). In this season, a very small increase in the secondary substitutions NA-
1223V and NA-5247N was observed compared to the pre-COVID-19 pandemic influenza
seasons. The recent analysis of collected sequence data available through GISAID indicates
an increased prevalence of these two substitutions in globally circulating A(HIN1)pdm09
viruses, with highest incidences of NA-I1223V in August and October 2023 and of NA-
5247N in September [35]. During these months, influenza viruses circulate primarily in the
Southern Hemisphere and are considered precursors to those circulating in the northern
hemisphere during the winter (October-April). A stronger spread of A(H1IN1)pdm09
viruses with secondary mutations could therefore be expected for the coming influenza
seasons. Based on the experience with the unexpected emergence and subsequent strong
spread of oseltamivir-resistant earlier seasonal A(H1N1) viruses, it is necessary to closely
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monitor the evolution of pandemic A(HIN1)pdm09 viruses. It seems likely that the viruses
have reached the next stage in the evolution of prerequisite viruses that enable the emer-
gence and spread of stable lineages of resistant viruses, in which the substitutions NA-1223V
and NA-5247N may have been added in 2023-2024 after the appearance of the two per-
missive substitutions NA-V241I and NA-N369K in 2011. If synergistic amino acid changes
such as NA-1223V and NA-5247N spread globally, there is the risk that other NA mutations
which may have previously caused only slight or moderate reductions in susceptibility
could instead cumulatively decrease NAI susceptibility to levels that may be clinically
significant and affect treatment efficacy [37]

Continued monitoring of these mutations is essential to ensure preparedness for the
potential emergence of neuraminidase-resistant viruses. In parallel, the advancement of
alternative antiviral agents, including polymerase inhibitors, is of great urgency.

5. Conclusions

Although a relationship between permissive secondary NA mutations and the emer-
gence and spread of oseltamivir-resistant influenza viruses has been described in the past,
little is known about the importance of permissive mutations in molecular evolution. In
the absence of treatment selection pressure, synergistic or permissive secondary mutations
could support selection for resistant variants by decreasing antiviral susceptibility and/or
compensating for their reduced viral fitness. As a result, the spread of antiviral-resistant
influenza viruses throughout the community seems likely. Our data showed that the preva-
lence of secondary antiviral mutations in the A(HIN1)pdm09 neuraminidase increased
during the 2023-2024 influenza season. It will be crucial to determine whether this increase
persists into the next season. Therefore, closely monitoring the evolution of circulating
influenza viruses is important.
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